Studies have yet to include minimally symptomatic Ebola virus (EBOV) infections and unrecognized Ebola virus disease (EVD) in Ebola-related transmission chains and epidemiologic risk estimates. We conducted a cross-sectional, sero-epidemiological survey from October 2015 to January 2016 among 221 individuals living in quarantined households from November 2014 to February 2015 during the Ebola outbreak in the village of Sukudu, Sierra Leone. Of 48 EBOV-infected persons, 25% (95% confidence interval [CI], 14%-40%) had minimally symptomatic EBOV infections and 4% (95% CI, 1%-14%) were unrecognized EVD cases. The pattern of minimally symptomatic EBOV infections in the transmission chain was nonrandom (P < .001, permutation test). Not having lived in the same house as an EVD case was significantly associated with minimally symptomatic infection. This is the first study to investigate a chain of EBOV transmission inclusive of minimally symptomatic EBOV infections and unrecognized EVD. Our findings provide new insights into Ebola transmission dynamics and quarantine practices.
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To date, there have been 35 confirmed outbreaks of Ebola with nearly 13 000 reported deaths [1, 2] . Prior studies have shown that the clinical manifestations of Ebola virus (EBOV) infection range from asymptomatic infection and mild illness to severe disease and death [3] [4] [5] . By the end of the 2013-2016 Ebola outbreak in West Africa, there were 28 646 probable, confirmed, and suspected cases of Ebola virus disease (EVD) [6] . However, the World Health Organization acknowledges that these are likely underestimates [7] . The number of individuals with minimally symptomatic EBOV infection and unrecognized EVD cases who did not present to an Ebola Treatment Unit in the West African outbreak is not known [8] . A systematic review and prior Ebola serosurveys suggest that minimally symptomatic EBOV infections and unrecognized EVD cases may account for approximately 15%-40% of EBOV infections [4, 9, 10] . Moreover, the use of serosurveys to ascertain the burden of unrecognized EVD cases has been quite limited. The burden of unrecognized survivors may be quite significant [11] because case identification during the outbreak relied on overburdened and under-resourced community-and facility-based surveillance systems [12] [13] [14] .
Village-level serosurveys can identify Ebola-seropositive individuals who had both minimally symptomatic and symptomatic EBOV infections but who were not idenitified by public health surveillance systems. These surveys can inform the construction of transmission networks through a fine-grained depiction of potential person-to-person transmission and epidemiologic risk estimates and, together with risk factor analyses, provide important guidance for outbreak control. Few studies of the West African Ebola epidemic have depicted chains of transmission from aggregated outbreaks [15] or reported risk factors of EBOV transmission [16] . No study has reconstructed EBOV transmission chains inclusive of minimally symptomatic infection and unrecognized EVD.
In the village of Sukudu, a serosurvey demonstrated that 14 (7%) of 187 exposed persons without a previous history of EVD were found to be seropositive, and this subgroup accounted for 14 (29%) of 48 EBOV infections [17] . We sought to reconstruct an EBOV chain of transmission, which included minimally symptomatic EBOV infections along with reported and unrecognized EVD cases, to estimate epidemiologic risk for 1 Ebola-affected village from the 2014-2015 Ebola outbreak in Sierra Leone.
permission to access the Viral Hemorrhagic Fever (VHF) database was given by the Kono District Ebola Response Center (DERC). The DERC was a government facility that acted as a coordinating body for Ebola-related activities.
Study Setting and Population
We conducted a cross-sectional, sero-epidemiological study in the village of Sukudu, which is located in Kono District, Sierra Leone. Sukudu had a population of approximately 900 persons during its Ebola outbreak. Ebola virus was introduced into Sukudu after 7 family members traveled from Sukudu to Koidu Town (the capital of the district) to care for a sick woman whose husband died from EVD. The sick woman developed EVD symptoms on November 20, 2014, and was diagnosed with EVD on November 28, 2014. These seven family members then traveled back to Sukudu. In Sukudu, 2 of the 7 family members developed EVD, and the first EVD diagnosis was made on December 15, 2014 . This chain of transmission in the village ended 6 weeks later (Figure 1 ).
We obtained a list of quarantined households and EVD cases from the Kono DERC. Quarantined households included persons whose exposure to EBOV was inferred based on living in a house or sharing a latrine with an EVD case. In Sukudu, there were several shared latrines near the houses of EVD cases. Given the poor condition of these sanitary facilities and the close proximity of the households, the DERC decided to quarantine people who shared a latrine with an EVD case. The DERC did not use any other quarantine practices in Sukudu. Persons living in the quarantined households of Sukudu were enrolled. The study was conducted from October 2015 to January 2016. The immunoassay was validated and then applied in a serosurvey that classified seronegative and seropositive persons based on antiglycoprotein immunoglobulin G serology with a cutoff of 4.7 U/mL. Details of the immunoassay validation and serosurvey can be found elsewhere [17] .
Epidemiologic Data Collection
Participants were interviewed to obtain sociodemographic information. In instances where confirmed or probable EVD cases had died, we interviewed household members to obtain further information. We collected data on reasons for quarantine and identified those who were quarantined for having lived in the same house or having shared a latrine with an EVD case. Additional variables were collected from DERC records, including date of symptom onset, date of EVD diagnosis, date of hospitalization, date of death, family relationship, and context of transmission (community, health facility, or burial). The infectious period was defined as the difference between the date of symptom onset and whichever event occurred first: date of hospitalization, date of death, or date of burial.
Outcomes were EBOV-infected persons, EVD cases (reported and unrecognized), and minimally symptomatic EBOVinfected persons (defined below). Uninfected persons were defined as persons quarantined during the outbreak who had a seronegative blood test during the serosurvey. Ebola virusinfected persons were defined as quarantined persons with a seropositive test as well as reported and unrecognized EVD cases. Reported EVD cases were defined as EVD survivors, persons who died with laboratory-confirmed EVD, and persons who died with probable EVD and were epidemiologically linked to a laboratory-confirmed EVD case.
Signs and symptoms consistent with EVD included fever or unexplained bleeding or any 3 of the following: headache, myalgia, rash, vomiting, diarrhea, hiccups, breathing problems, or difficulty swallowing [18] . Unrecognized EVD cases were defined as seropositive persons who self-reported signs or symptoms consistent with EVD but were not identified during the Ebola outbreak. Ebola virus disease cases were defined as reported and unrecognized EVD cases. Minimally symptomatic EBOV-infected persons were defined as seropositive persons who did not self-report signs or symptoms consistent with EVD during the Ebola outbreak in Sukudu [17] .
Reconstructing the Chain of Ebola Virus Transmission
Based on interviews we conducted and/or case investigation forms from the VHF database, we assessed how likely each We classified transmission into successive generations based on the temporal relationship of EVD cases established in the epidemiological link assessment described above. The first generation was defined as the number of primary EVD cases in the chain, the second generation was defined as the number of EVD cases who acquired EBOV infection from a member of the first generation, and so forth.
Using the data about the types of epidemiological links and generations of transmission, we reconstructed a complete chain of EBOV transmission in a geospatial array. The distance between any 2 persons (nodes) in the transmission chain (graph) is the minimum number of steps (arcs/arrows) needed to move from one individual to another [19] . We used the transmission network to assess randomness of transmission events resulting in minimally symptomatic EBOV infections as follows: We computed the graph theoretic distance [19] between any 2 minimally symptomatic EBOV infections (ie, the number of arcs of the shortest path connecting 2 minimally symptomatic EBOVinfected persons). We also reconstructed a complete chain of transmission of reported EVD cases in a temporal array based on onset of symptoms. We excluded persons with minimally symptomatic EBOV infections and unrecognized EVD cases from the temporal array because persons with minimally symptomatic EBOV infections were assumed to be noninfectious, and unrecognized EVD cases were not asked to recall their date of symptom onset.
Data Analyses
For the epidemiologic analysis, we included the following covariates: age, sex, occupation, educational level, and reason for being quarantined. We excluded persons aged <15 years from the educational-level variable. We calculated the proportion of minimally symptomatic EBOV infections and unrecognized EVD cases from the total number of EBOV infections and the proportion of deaths from EVD cases, and we reported binomial exact confidence intervals (Cis). We analyzed the relationship among the covariates, risk of EBOV infection, and risk of minimally symptomatic EBOV infection. We fit bivariate logistic regression models, and covariates with a P value ≤ .20 were included in cluster-adjusted, multivariate logistic regression models. The mean and standard deviations (SDs) of the infectious period for EVD cases were described, and we used the t test to calculate differences in means. Additional cluster-based analyses were conducted to identify risk factors for reported EVD among uninfected, quarantined persons (Supplementary Data 1). Analyses were performed in STATA/IC 13.1 (STATA Corporation, College Station, TX).
For the transmission chain analysis, we estimated the number of EVD cases in each successive generation of transmission. To estimate the effective reproduction number, R(t), for each generation of transmission, we divided the total number of new EVD cases in each generation by the number of EVD cases in the previous generation. For the first generation, we calculated binomial exact confidence intervals using the number infected out of the number exposed. Poisson exact confidence intervals were calculated for subsequent generations (in the absence of a known denominator). We also used a permutation test to assess whether the mean nearest neighbor distance between minimally symptomatic EBOV infections in the transmission chain was smaller than would be expected if the pattern of minimally symptomatic infections was random (Supplementary Data 2). Finally, we repeated the analysis for each method of assessment of linkages (Supplementary Data 2) . These analyses were performed in R version 3.2.2 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS

Quarantined Population
Of 221 quarantined persons, 48 (22%) were categorized as EBOV-infected persons. Among EBOV-infected persons, 34 (71%) were reported EVD cases, 12 (25%; 95% CI, 14%-40%) were minimally symptomatic EBOV infections, and 2 (4%; 95% CI, 1%-14%) were unrecognized EVD cases (Figure 2 ). In total, there were 36 (75%) EVD cases. Twenty-five houses were quarantined.
Characteristics of the quarantined population by EBOV infection status are shown in Table 1 . Of quarantined persons, 26 (12%) were aged >45 years, 130 (59%) were male, 18 (8%) had an occupation of housework, and 105 (69%) had an educational level of primary school or less. Among quarantined persons, 125 (57%) were quarantined for having lived in the same house with an EVD case, and 96 (43%) were quarantined for having shared a latrine with an EVD case.
Chain of Ebola Virus Transmission
Ebola virus was transmitted through the village during a 6-week period over 4 generations of transmission. The overall number of EBOV infections (cluster size) was 48. Twenty-seven persons had a type 1 link (EVD case to contact), 18 persons had a type 2 link (EVD cases to contact), and 3 persons had a type 3 link (inference of EVD case to contact) ( Figure 3) .
Given that minimally symptomatic EBOV-infected persons were assumed to be noninfectious, we included the 36 EVD cases in the effective reproductive numbers. In the first generation of transmission, 1 person transmitted EBOV to 2 persons (R (1), 2; 95% CI, .25-4.97) . In the second generation of transmission, 2 persons transmitted EBOV to 18 persons (R(2), 9.0; 95% CI, 5.33-14.22). In the third generation of transmission, 18 persons transmitted EBOV to 15 persons (R(3), 0.83; 95% CI, .47-1.37). In the fourth generation of transmission, 15 persons transmitted EBOV to 1 person (R(4), 0.07; 95% CI, .002-.37) (Figure 4) . The results were not substantially changed when we accounted for uncertainty in the links of successive generations of transmission (Supplementary Data 1) .
Finally, we found evidence that the nearest neighbor distance between minimally symptomatic EBOV infections in the transmission chain was substantially smaller than would be expected at random (expected mean nearest neighbor distance = 3.60; observed mean nearest neighbor distance = 2.14; P < .001).
Characteristics of Ebola Virus-Infected Persons, Minimally Symptomatic Ebola Virus-Infected Persons, and Ebola Virus Disease Cases
Of 48 EBOV-infected persons, 10 (21%) were aged >45 years, 29 (60%) were male, 6 (13%) had an occupation of housework, 26 (61%) had an educational level of primary school or less, 40 (83%) were quarantined for having lived in the same house as an EVD case, and 8 (17%) were quarantined for having shared a latrine with an EVD case. Among the 12 minimally symptomatic EBOV-infected persons, 1 (8%) was aged >45 years, 6 (50%) were male, 2 (17%) had an occupation of housework, 5 (50%) had an educational level of primary school or less; 6 (50%) were quarantined for having lived in the same house as an EVD case; and 6 (50%) were quarantined for having shared a latrine with an EVD case.
Among the 36 EVD cases, 9 (25%) were aged >45 years, 23 (64%) were male, 4 (11%) had an occupation of housework, 21 (64%) had an educational level of primary school or less, 34 (94%) were quarantined for having lived in the same house as an EVD case, and 29 (81%) were family members. The transmission context was as follows: 22 (61%) were in the community, 13 (36%) also attended a traditional burial, and 1 (2.8%) was a healthcare worker. The mean infectious period was 5 days (SD ± 2.9) ( Table 1 ). The mean infectious period was 2.9 days (SD ± 1.5) for persons who were hospitalized and 8.8 days (SD ± 3.2) for persons who were not hospitalized (P < .01, t test). The mean infectious period for people who survived was 2.3 days (SD ± 1.6), whereas the infectious period for people who died was 4.4 days (SD ± 3.0; P = .12, t test). Twenty-eight (78%) were admitted to a hospital or Ebola treatment unit, and 28 (78%; 95% CI, 61%-90%) died from EVD.
Factors Associated With Risk for Ebola Virus Infection and for Minimally Symptomatic Ebola Virus Infection
In unadjusted analyses, EBOV infection was associated with being an adult, being a person who does housework, having completed middle school or above, and having lived in the same house as an EVD case ( Among EBOV-infected persons, being a child and having not been quarantined in an EVD-infected house were associated with minimally symptomatic EBOV infections in unadjusted analyses. After adjustment, having not lived in the same house as an EVD case remained associated with minimally symptomatic EBOV infections and was a strongly protective factor for EVD (AOR, 0.06; 95% CI, .004-.75). Notably, the AOR of 0.06 corresponds to an OR of 16.67 when considering EVD as the reference group.
DISCUSSION
This is the first study to investigate a chain of EBOV transmission that includes minimally symptomatic infections and unrecognized EVD cases. We found these minimally symptomatic EBOV infections did not transmit EBOV to others, were associated with not having lived in the same house as an EVD case, and were nonrandomly located in the transmission chain. More fine-grained investigations of EBOV transmission chains are needed to substantiate and confirm findings resulting from the inclusion of minimally symptomatic infections and unrecognized EVD cases.
In our study, there was no evidence of transmission from individuals with minimally symptomatic EBOV infection. These findings are consistent with prior evidence unable to prove transmission from asymptomatic or minimally symptomatic individuals, although sexual transmission from healthy EVD survivors with viral persistance suggests the possibility [7, 20] . Even if such events do not increase the effective reproductive number, they still represent instances where containment efforts failed to prevent human-to-human EBOV transmission. In addition, the clinical consequences of minimally symptomatic EBOV infection remain unknown, including whether such individuals develop post-Ebola clinical sequelea such as uveitis [21] . In future Ebola outbreaks, real-time study of transmission chains that include minimally symptomatic EBOV-infected persons may improve our scientific understanding of potential EBOV transmission from minimally symptomatic EBOVinfected persons to uninfected close contacts. Color describes the households of EVD cases. We excluded the minimally symptomatic EBOV-infected persons and unrecognized EVD cases because they were assumed to be noninfectious or were not asked to recall their date of symptom onset.
In Sukudu, not having lived in the same house as an EVD case was associated with minimally symptomatic EBOV infections and strongly protective against EVD. Close contacts who include friends and family of an EVD case may live outside of the EVD-infected house. Other studies have not reported risk for EBOV transmission based on quarantine practices, nor have these studies used the definition of a close contact to guide quarantine practices [16] . Including close contacts of nonquarantined houses in future studies will be essential to assess the efficacy of quarantine practices and to identify additional minimally symptomatic EBOV infections and unrecognized EVD cases.
Sukudu is a small, rural village that suffered from 1 major introduction of EBOV and 4 successive generations of transmission. We observed substantial transmission from EVD cases at the onset of the outbreak. After EVD incidence peaked, there was rapid, approximate 10-fold decline of EVD cases for each successive generation of infection (consistent, for example, with recent simple models of disease outbreaks [22] ). We found the pattern of minimally symptomatic EBOV infections was not consistent with random occurrence in the transmission chain. It remains unclear whether such nonrandomness is indicative of clustering of susceptibility in households due to genetic factors, infectious dose, or exposure to dead or attenuated virus.
The effective reproductive number of Sukudu village changed over a short time, and there were less than a quarter of EBOV infections in the study population, which is in the range of most other serosurveys [4, 9, 10] . Since the West Africa outbreak ended, multiple antiglycoprotein immunoassays have been validated and evaluated with relatively similar sensitivity, ranging from 95.9% to 96.7% [17, 23, 24] . A recent article by Glynn and colleagues reported that 2.6% of asymptomatic contacts of EVD survivors tested positive for Ebola virus antibodies using a newly validated oral fluid antiglycoprotein immunoglobulin G capture assay [23] ; however, their serosurvey may have captured a nonrepresentative sample of potentially exposed individuals because their investigation focused on contacts in survivor households and excluded both contacts outside the home as well as households with only fatal cases. In addition fatal cases may be more infectious than survivors [25] .
Other studies attributed the control of the 2013-2016 Ebola outbreaks to local behavioral changes and improved international response activities [25] [26] [27] . Ebola response activities were being strengthened during this outbreak, so our village-level findings support the concept that behavioral changes and clinical care measures aided in extinguishing this outbreak, as opposed to micronetwork saturation of exposure to EVD cases.
Our study has several limitations. This study focuses on 1 village only, potentially limiting the generalizability of our findings. Although the sample size is small, the fine-grained results at the village level allow for assessment of epidemiological links, which might be missed when looking at aggregated data. In addition, our study was conducted a year after the outbreak in Sukudu, and self-reported EVD symptoms may be subject to recall error; however our in-depth interviews with entire households sought to verify symptomatology via collective memory. Our serosurvey results were also unable to prove seropositive persons had a definitive EBOV infection during the Ebola epidemic. Therefore, our data analysis in epidemiology risk models should be interpreted with caution. However, the small size of the village and outbreak increased confidence that recall bias regarding social contacts would be minimized in our analysis of potential transmission links. Finally, our findings cannot be extrapolated to locations with extended transmission histories or multiple reintroductions of infection or different quarantine practices given that the effective reproductive number may be widely dependent on these factors.
Despite these limitations, this study depicts a chain of EBOV transmission inclusive of minimally symptomatic infections and unrecognized EVD cases. We found these minimally symptomatic EBOV infections were nonrandomly located in the transmission chain, did not transmit EBOV to others, and were associated with not having lived in the same house as an EVD case. The low number of EBOV transmission events in the quarantined population suggests that behavioral changes and the international response were critical to containment. More fine-grained depictions of the chain of EBOV transmission, inclusive of close contacts, have the potential to inform minimally symptomatic EBOV transmission dynamics and assist in containment in future Ebola outbreaks.
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